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Abstract: This work presents the design of a modular ad-hoc fretting fatigue and fretting wear
tribotester for thin steel wires. The working principles of the different modules are described,
such as the displacement and contact modules. Preliminary studies for understanding the effect of
crossing angle between wires on tangential force measurement has been carried out on 0.45 mm
diameter cold-drawn eutectoid carbon steel (0.8% C). The results show that due to the developed
wear scar geometry for high crossing angles there is a non-Coulomb behaviour that is not seen for
low crossing angles.
Keywords: fretting fatigue; fretting wear; fretting tribometer
1. Introduction
Steel wire ropes used in the lift industry, off-shore or other structural elements such as reinforcement
for tires exhibit high strength and bending flexibility. Although they have exceptional mechanical
properties steel wire ropes are susceptible to fretting damage. Fretting occurs when two or more bodies
are in contact subjected to relative small displacement, producing damage to the contact surface [1].
This damage is of particular relevance for steel wires, since the wear scar is massive in comparison to
the reduced section of the wire. Figure 1 shows a broken wire used in a wire rope. It is observed that
the fracture in the wire is located at the edge of the wear scar. Therefore, combined fretting wear and
fretting fatigue failure is observed. In order to increase the fatigue performance of steel wire ropes,
the characterization of the steel wires under fretting phenomena is of great interest.
In the literature, a variety of tribometers have been designed to study the underlying mechanisms
of fretting. Those tribometers can be broadly classified into two main categories, namely: (i) fretting
wear test rigs [2–5] used for friction and wear characterization; and (ii) fretting fatigue test rigs [6–9]
mostly used to study the effect of fretting on material fracture. In their most basic form, both rigs
must be able to apply a predefined contact force and a very small oscillating displacement. On the
one hand, the oscillating displacement for fretting wear tests (Figure 2a) is usually generated by
some sort of reciprocating linear actuator. On the other hand, the oscillating displacement for fretting
fatigue experiments (Figure 2b) is usually applied by straining one specimen while the contacting
pads are held stationary. Shear force is therefore generated and fretting phenomena appear across the
contact interface.
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The selection of one test over the other depends on the objective of the work. It is obvious that 
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bulk stress (Figure 2b) in order to maintain the symmetry of forces. Friction, wear, lubrication, or 
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Figure 2. Schematic of the performed tests: (a) fretting wear; (b) combined fretting wear and fretting
fatigue, where P is the normal load, Q is the tangential load, δapp and ∆F are the reciprocating
displacement and the applied force range respectively and Fmean is the mean force.
The selection of one test over the other depends on the objective of the work. It is obvious that
the fretting wear test is easier a faster to perform, as only two wires are in contact (Figure 2a).
On the ot , in fretting fatigu ests two contacting points frequently exist perpendicular to
the bulk stres ( ) i rder to maintain the sy metry of forces. Friction, wear, lubrication, or
coating research typically employ the fretting wear test as they are generally use in tribological quantity
characterization. However, if the research interest is focused on the impact of the aforementioned
quantities on fatigue life, fretting fatigue test is the best option.
With respect to fretting studies on steel wires, few tribometers have bee reporte in the literature.
The research group led by Professor Zhang of China University of Mining and Technology developed a
fatigue machine to perform fretting fatigue tests. Over several years they have presented several papers
studying the behavior of steel wires under fretting fatigue phenomena, for example Wang et al. [9]
analyzed the effect of the displacement amplitude on fretting fatigue of hoisting wires in low cycle
fatigue. A decrease of fatigue life was found for higher displacement amplitudes. I all cases, a mixed
slip regime contact conditio was generated. Z ang et al. [10] characte sed fretting fatigue behaviour
under different strain ratios. Results r vealed that th fretting regim ch nges from partial slip to
mixed and gross slip as the strain ratio decreases. For lower strain ratios, shorter fatigue life was
found, although the wear rate was higher. Wang et al. [11] analysed the dynamic wear evolution and
proposed a theoretical model of wear depth. Later on, Wang et al. [12] characterized the effect of
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torsion angle on tension-torsion behavior of steel wires. Zhang et al. [13] analysed the effect of crossing
angle on fatigue lifetime. They found that higher crossing angles induced lower fatigue life.
Zhou et al. developed a fretting fatigue test bench that was driven by a motor-eccentric system [14]
specifically for single aluminum wire fretting fatigue testing. The research group of the present paper,
in collaboration with the Bundesanstalt für Materialforschung und -prüfung (BAM, Germany), also
studied the wear behavior of thin steel wires with a fretting wear tribometer that was developed at
BAM [4,15]. In both cases, the fretting testers developed were only for fretting fatigue or fretting wear
studies, respectively.
In this paper, a modular tribometer that could perform both fretting wear (FW) and fretting fatigue
(FF) test with thin steel wires is designed and developed. First, an overview of the tribotester is given
in Section 2. The section has been divided in 4 subsections where the analysis of the displacement
module, the contact module, the acquisition system and the wear scar measurement methodology are
presented. In Section 3 the test program for the analysis of the effect of crossing angle on tangential
force is presented, followed by the results and discussion of the observed phenomena. Finally, the main
conclusions are summarized.
2. Designed Tribotester
Figure 3 shows the final version of developed test rig. The tribotester consists of two main
modules: (i) the displacement module; and (ii) the contact module. On the one hand, the displacement
module is able to reduce the alternative displacement generated by the eccentric by up to three
orders of magnitude. The actual stroke is adjusted accordingly depending on which type of test is
performed. In most cases, the applied remote displacement for the fretting fatigue test is higher, as the
actual displacement amplitude is calculated by scaling down the displacement of the fatigued wire
(where the contact spot is located). If gross slip is induced in a fretting fatigue test, a combination
of both phenomena (fretting wear and fretting fatigue) can be generated, as observed in wire ropes
applications. The contact module has been designed to test thin wires ranging from 0.1–1 mm, and it
is able to apply low contact forces (0.1–10 N) between the contacting surfaces, where high contact
pressure is developed (~3000 MPa). The configuration of the contact module is also changed depending
on the test. For fretting fatigue tests, two contacts are used to avoid the bending of the fatigue wire,
while for fretting wear only one contact is used. In the following subsections, the displacement module,
the contact module, the data acquisition system and the wear scar measurement methodology will






Figure 3. (a) Developed fretting wear and fretting fatigue tribometer for thin steel wires. Combined 
fretting wear and fatigue configuration; (b) schematic of the fretting fatigue configuration. 
2.1. Displacement Module 
A variety of actuator systems have been used in the literature to generate the short cyclic 
displacement, such as servo-hydraulic actuators [16], piezo-electric actuators [17], or electro-
mechanical actuators [2,3]. Servo-hydraulic actuators provide a very precise control of the 
displacement, since the system is very stiff. For short stroke, low mass and elevated frequency, piezo-
electric actuators are a very good choice, however, fatigue life is dependent upon the displacement 
applied. On the other hand, electro-mechanical systems provide a cost effective solution with a very 
simple design.  
In the present tribotester, an electro-mechanical system has been used. Figure 4 shows the sketch 
of the displacement system. This design allows converting the rotational motion into a short 
reciprocating displacement. Due to the geometrical properties of the design, the fretting stroke 
amplitude is dependent on the angle θ (Equation (1), Figure 4). Two interchangeable oscillating bars 
allows obtaining the desired reciprocating displacement (δapp). 
app or2 1 2
δ (cosθ cosθ )l   (1) 
where lor2 is the length of the oscillating bar 2, and θ1 and θ2 are the maximum and minimum angles 
obtained with the variable eccentric and the oscillating bar 1, respectively. It should be mentioned 
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2.1. Displacement Module
A variety of actuator systems have ed in the literature to generat t e short cyclic
displacement, such as servo-hydraulic actuators [16], piezo-electric actuators [17], or electro-mechanical
actuators [2,3]. Servo-hydraulic actuators provide a very precise control of the displacement, since the
system is very stiff. For short stroke, low mass and elevated frequency, piezo-electric actuators are a
very good choice, however, fatigue life is dependent upon the displacement applied. On the other
hand, electro-mechanical systems provide a cost effective solution with a very simple design.
In the present tribotester, an electro-mechanical system has been used. Figure 4 shows the
sketch of the displacement system. This design allows converting the r tational motion into a short
reciprocating displacement. Due t t etrical properties of the design, the fretting stroke
amplitude is dependent on the angle θ (Equat ), Figure 4). Two interchangeable oscillating bars
allows obtaining the desired reciprocating displace ent (δapp).
δapp = lor2(cos θ1 − cos θ2) (1)
where lor2 is the length of th os illating bar 2, and θ1 and θ2 are the maximum and minimum angles
obtained with the variable eccentric and the oscillating bar 1, respectively. It should be mentioned
that the displacement amplitude for the fretting fatigue test is calculated by scaling down the applied
displacement of the guide 2.
Metals 2019, 9, x FOR PEER REVIEW 5 of 11 
 
that the displacement amplitude for the fretting fatigue test is calculated by scaling down the applied 
displacement of the guide 2.  
 
(a) (b) 
Figure 4. (a,b) Sketch of the camshaft mechanism designed for the tribotester displacement. 
2.2. Contact Module 
A variety of mechanical designs have been used to apply the contact force [2,3,9,18]. In this work, 
a mechanical screw coupled with an adjustable spring was used [7]. Figure 5 shows the designed 
contact module for fretting fatigue tests. The fretting fatigue test configuration employs two 
multiaxial sensors capable of measuring the contact and tangential forces, one on each side of the 
fatigue wire located between the wire fixation system and the contact actuator. As mentioned in the 
introduction, the remote displacement amplitude is generated by straining one specimen while the 
contacting wires are held stationary. Thus, the actual displacement amplitude along the fatigue wire 
is dependent on the location of the contact system. The entire contact module is therefore attached to 
a linear translation stage which is used to adjust the correct location for the selected displacement 
amplitude.  
 
Figure 5. The contact module for fretting fatigue configuration. 
Figure 4. (a,b) Sketch of the camshaft echanism designed for the tribotester displacement.
Metals 2019, 9, 674 5 of 11
2.2. Contact Module
A variety of mechanical designs have been used to apply the contact force [2,3,9,18]. In this work,
a mechanical screw coupled with an adjustable spring was used [7]. Figure 5 shows the designed
contact module for fretting fatigue tests. The fretting fatigue test configuration employs two multiaxial
sensors capable of measuring the contact and tangential forces, one on each side of the fatigue wire
located between the wire fixation system and the contact actuator. As mentioned in the introduction,
the remote displacement amplitude is generated by straining one specimen while the contacting wires
are held stationary. Thus, the actual displacement amplitude along the fatigue wire is dependent on the
location of the contact system. The entire contact module is therefore attached to a linear translation
stage which is used to adjust the correct location for the selected displacement amplitude.
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On the other hand, fretting wear test configuration employs one multiaxial sensor, since only one
contact interface exists. Figure 6 shows the contact module developed for the fretting wear test, where
the wire fixation system of the displacement module is changed accordingly.
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The machine developed employs 4 sensors: 2 multi-axis load cells (Interface Inc. 3A60) for 
contact and friction force, 1 uniaxial load cell (Interface Inc. WMC) for axial cyclic force and 1 fiber-
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Figure 6. (a,b) The contact module for fretting ear configuration.
Figure 7 shows the wire fixation system developed. As can be ot d in the figur , the wire presents
a toroid shape, being the radius of the s pport (20 mm) considerably superior compared to the wire
diameter range (0.1–1 mm). Therefore, the contact achieved between the two wires can be considered a
cross cylinder configuration. It is noteworthy that the fixing system allows the wire to be located at
different angles (0–90◦), thus making it possible to simulate different crossing angle contacts present
in ropes.
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2.3. Data Acquisition System
The machine developed employs 4 sensors: 2 multi-axis load cells (Interface Inc. 3A60) for contact
and friction force, 1 uniaxial load cell (Interface Inc. WMC) for axial cyclic force and 1 fiber-optic sensor
(Philtec RC90) for displacement measurements. All sensors are connected to a computer through a
National Instruments DAQ device, where a custom Python-based program has been developed for real
time plotting and data management. A sample of the unfiltered measurements of combined fretting
fatigue and wear is shown in Figure 8.
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2.4. Surface Metrology: Wear Profile Measurement
Wear scars were measured using a non-contact 3D optical profiler Sensofar S neox (Sensofar, Barcelona,
Spain), using white light interferometry with an objective of 20 ×DI (optical resolution = 0.41 µm, vertical
resolution nm). 3D areal measurements of 2450 × 267 µm were taken, and 2D profiles were extracted
(Figure 9) in order to characterize main wear scar properties (width, depth) through metrological
software SensoMap Premium 7 (Digital Surf, Besançon, France).
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3. Description of Experimental Tests
In this work, fretting fatigue tests were carried out on 0.45 mm diameter cold-drawn eutectoid
carbon steel (0.8% C), which are summarized in Table 1. Each test configuration was repeated 3 times
to ensure repeatability. The objective of these tests was to analyse the effect of the crossing angle
on the measured tribological quantities such as the frictional force that can serve as a baseline for
future works.















1–3 FF 2 100 0 597 283
4 6 FF 2 45 597 283
7 9 FF 2 90 597 283
All tests were performed at a frequency of 2 Hz and a pre-defined number of cycles of 150 × 103
(i.e., tests were not carried out until the final fracture). According to previous studies [4,15], real test
conditions were simulated in the experimental campaign. The geometrical, mechanical and surface
properties of the specimen are given in Table 2.
Table 2. Geometrical, mechanical and surface properties.
Properties Symbol Unit Value
Fatigued wire length l mm 155
Wire diameter d mm 0.45
Tensile strength σu MPa >3200
Yield strength σy MPa >2650
Elastic modulus E GPa 200
Vickers hardness HV0.05 - 659 ± 81
Average roughness drawn direction (DD) Ra µm 0.35
Average roughness perpendicular to the DD Ra µm 0.7
4. Results and Discussion
One of the most important methods to identify the fretting regime is through so-called fretting
loops, as shown in Figure 8b. Vingsbo and Söderberg identified the partial slip or stick-slip regime
with an elliptical shape, whereas in gross slip the fretting loops takes a parallelogram-like shape [19].
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Figure 10 shows the frictional loops of FF tests for the 3 crossing angles (0◦, 45◦, and 90◦). It can be
observed that in all cases the fretting loop takes a parallelogram-like shape. Therefore all 3 tests were
performed in gross slip regime which is in good agreement with previous works [4,15]. Due to the fact
that gross slip was generated, a combined fretting wear and fretting fatigue condition was reached.
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Figure 10. Evolution of the tangential force during tests and wear scar results: (a) 0◦ crossing angle;
(b) 45◦ crossing angle; (c) 90◦ crossing angle; (d) comparison of the wear profile of each crossing angle
test at 150 × 103 cycles.
A typical flat topped-loop (Coulomb behavior) was observed for the 0◦ crossing angle test
(Figure 10a), which remains constant throughout the entire test. Conversely, as the crossing angle
increases (Figure 10b for 45◦ and Figure 10c for 90◦), a more distorted loop is induced during the test,
showing a non-Coulomb frictional behavior. It can be noted that this evolution toward a non-Coulomb
behavior is more pronounced and occurs faster along the 90◦ test comparing to the 45◦ test. Figure 10d
shows the wear scar profiles corresponding to the three crossing angle conditions (0◦, 45◦, 90◦) and
the numerical values are shown in Figure 11. It can be observed that the maximum wear scar depth
(Figure 11a) increases with the crossing angle, while the width of the scar decreases (Figure 11b).
The distortion of the fretting loop is therefore correlated with the wear scar evolution, since the test
condition showing the biggest distortion (90◦) is the one presenting a more pronounced wear scar.
It has been reported by many researchers that sometimes the tangential force varies significantly
across the stroke [20–22]. As a consequence of these changes, a more distorted loop is induced,
showing non-Coulomb frictional behavior, which is in good agreement with the results obtained. This
non-Coulomb behavior has been previously reported for different materials, predominantly for ductile
materials [22]. In this work, it is shown that the behavior can be also induced due to contact geometry,
such as the crossing angle between the wires.
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5. Conclusions 
 A modular tribotester that could perform both fretting wear and fretting fatigue test with thin 
steel wires was designed and developed. 
 Non-Coulomb frictional behavior has so far been associated with certain kinds of materials 
(ductile materials). This work demonstrates that the behavior could also be induced due to a 
change in the contact geometry. 
 As the crossing angle increases, a more distorted loop is induced (due to the increased wear scar 
geometry) as the number of cycles increases, showing a non-Coulomb frictional behavior. As the 
crossing angle increases, the width of the wear scar decreases, while the maximum wear depth 
increases. It can be observed that this behavior is more pronounced for the 90° test, which occurs 
more rapidly than in the case of the 45° test. 
 Results were compared to reported data, and the same trends in terms of coefficient of friction 
were drawn, thus confirming the robustness of the tribometer. 
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5. Conclusions
• A modular tribotester that could perform both fretting wear and fretting fatigue test with thin
steel wires was designed and developed.
• Non-Coulomb frictional behavior has so far been associated with certain kinds of materials (ductile
materials). This work demonstrates that the behavior could also be induced due to a change in
the contact geometry.
• As the crossing angle increa es, a more distorted loop is induce (due to the increased wear scar
geometry) as the number of ycles increa e , showing a on-Coulomb frictional behavior. As the
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crossing angle increases, the width of the wear scar decreases, while the maximum wear depth
increases. It can be observed that this behavior is more pronounced for the 90◦ test, which occurs
more rapidly than in the case of the 45◦ test.
• Results were compared to reported data, and the same trends in terms of coefficient of friction
were drawn, thus confirming the robustness of the tribometer.
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